The expression of the ANR1 MADS-box gene was manipulated in transgenic plants to investigate its role in the NO À 3 -dependent regulation of root development in Arabidopsis thaliana. Constitutive overexpression of ANR1 in roots, achieved using GAL4 enhancer trap lines, resulted in more rapid early seedling development, increased lengths and numbers of lateral roots and increased shoot fresh weight. Based on results obtained with five different enhancer trap lines, the overexpression of ANR1 in the lateral root tips appears to be more important for this phenotype than its level of expression in the developing lateral root primordia. Dexamethasone-mediated induction of ANR1 in lines expressing an ANR1-GR (glucocorticoid receptor) fusion protein stimulated lateral root growth but not primary root growth. Short-term (24 h) dexamethasone treatments led to prolonged stimulation of lateral root growth, whether the lateral roots were already mature or still unemerged at the time of treatment. In split-root experiments, localized application of dexamethasone to half of the root system of an ANR1-GR line elicited a localized increase in both the length and numbers of lateral roots, mimicking the effect of a localized NO À 3 treatment. In both types of transgenic line, the root phenotype was strongly dependent on the presence of NO À 3 , indicating that there are additional components involved in ANR1 function that are NO À 3 regulated. The implications of these results for our understanding of ANR1's mode of action in the root response to localized NO À 3 are discussed.
Introduction
In aerobic soils NO À 3 is the major source of nitrogen for most plant species, but its availability frequently limits plant growth and crop productivity Clarkson 1999, Robertson and Vitousek 2009) . Many plants are able to respond to heterogeneity in the distribution of NO À 3 in the soil by preferentially focusing their root growth within the NO À 3 -rich patches (Robinson 1994 ). This is often described as a foraging response , Kembel and Cahill 2005 , de Kroon and Mommer 2006 and has been shown to enhance a plant's ability to compete with its neighbors for localized supplies of N . Establishing the mechanism by which external NO À 3 is able to elicit the root morphological response is not only of ecophysiological interest but is also important for a more general understanding of root development and for future attempts to develop crop plants with improved root architecture for more efficient capture of water and nutrients (Fitter et al. 1991 , Lynch 2007 .
Studies with Arabidopsis (Arabidopsis thaliana L.) have shown that the localized increase in the growth rate of the lateral roots (LRs) is triggered by the external presence of the NO À 3 ion acting as a signal to trigger increased meristematic activity in the LR tip (Zhang and Forde 1998 , Zhang et al. 1999 , Zhang and Forde 2000 . The ANR1 gene was first identified as a component of the signaling pathway that links external NO À 3 to an increased rate of LR growth (Zhang and Forde 1998) and subsequently the NRT1.1 NO growth response to a locally enriched source of NO À 3 . The phenotype of the nrt1.1 mutants was associated with a strong reduction in the abundance of the ANR1 transcript and it was suggested that NRT1.1 performs an NO À 3 -sensing role upstream of ANR1 in the signal transduction pathway (Remans et al. 2006) . Since then, further evidence has accumulated to support the idea that NRT1.1 acts as an NO À 3 transceptor, performing the dual roles of NO À 3 transporter and NO À 3 sensor (Walch-Liu and Forde 2008 , Ho et al. 2009 , Wang et al. 2009 ). Recently a new role for NRT1.1 as an NO À 3 -regulated facilitator of auxin transport within the LR primordium has been proposed as a mechanism to explain the NO À 3 sensitivity of LR emergence (Krouk et al. 2010) .
ANR1 is a member of the plant MIKC-type MADS (MCM1/AGAMOUS/DEFICIENS/SRFl) box family of transcription factors of which there are 39 members in Arabidopsis (Martinez-Castilla and Alvarez-Buylla 2003) . MIKC-type genes of known function are generally involved in the regulation of the transition to flowering and the development of reproductive structures (Rijpkema et al. 2007 ). However, MIKC-type genes are expressed throughout the plant, and some, including members of the same clade as ANR1, have been reported to be root specific (Alvarez-Buylla et al. 2000 , Burgeff et al. 2002 , Czechowski et al. 2004 . The function of other MADS box genes in roots is mostly unknown, but recently the AGL12/XAL1 gene has been shown to have a dual role in regulating cell proliferation in the root meristem and the transition to flowering (Tapia-Lopez et al. 2008) . Two closely related members of the ANR1 clade in sweet potato, IbMADS1 and SRD1, are expressed in actively dividing cells within the root stele (Ku et al. 2008 , Noh et al. 2010 , and evidence from overexpression studies in transgenic plants indicates that they act as positive regulators of cell proliferation in root vascular tissue leading to the formation of the storage root (Ku et al. 2008 , Noh et al. 2010 .
To learn more about ANR1 and its mode of action, we have investigated the effects of overexpressing it, either constitutively or inducibly. Constitutive expression in roots was achieved using a GAL4-transactivation system in which the target gene is placed under the control of a GAL4-activated promoter and introduced into a transgenic line where it remains silent until crossed with an enhancer trap line expressing the yeast GAL4 transcription factor in a cell-or tissue-specific manner (Brand and Perrimon 1993, Laplaze et al. 2005) . For inducible expression, we generated transgenic Arabidopsis lines constitutively overexpressing a translational fusion between ANR1 and the steroid-binding domain of the rat glucocorticoid receptor (GR) (Picard et al. 1988) . The fusion protein is retained in an inactive form in the cytoplasm until dexamethasone (Dex) is added, after which it is released to translocate into the nucleus where it can regulate the expression of its target genes. The Dex activation system has been applied in Arabidopsis to the study of the role of a variety of transcription factors in the regulation of flowering (Simon et al. 1996 , Sablowski and Meyerowitz 1998 , Pautot et al. 2001 , flower senescence and fruit maturation (Fang and Fernandez 2002) and vegetative shoot development (Hamant et al. 2002 , Shin et al. 2002 , Hay et al. 2003 .
Using these approaches, we show that ANR1 overexpression leads to major changes in root architecture, mainly due to preferential stimulation of LR growth, and that root development in the overexpressing lines is much more sensitive to the positive effects of NO À 3 than in control lines. The results suggest that ANR1, in conjunction with additional NO À 3 -regulated factors, can act as a positive regulator of both LR growth and LR initiation. They also support previous evidence (Zhang et al., 1998 ) that ANR1 is a key component of the signaling pathway through which a heterogeneous NO À 3 supply is able to stimulate localized root proliferation. Part of this work has previously been reported in preliminary form .
Results

Effect of ANR1 overexpression in roots on root growth and development
Initial attempts to generate Arabidopsis lines overexpressing ANR1 under the control of the constitutive Cauliflower mosaic virus (CaMV) 35S promoter proved unsuccessful, suggesting that ectopic expression of ANR1 during embryogenesis or germination could be detrimental. As an alternative approach we chose to use a GAL4-GFP (green fluorescent protein) transactivator driver line (J0491) that directs high levels of expression throughout the root (Jones et al. 2009 ), but no detectable expression in shoots, at least at the seedling stage (data not shown). The ANR1-overexpressing line was generated in two steps. Wild-type Arabidopsis was first transformed with an upstream activating sequence (UAS)-ANR1 construct consisting of the ANR1 cDNA under the control of a synthetic GAL4 UAS promoter (Fig. 1A) . Five independent homozygous UAS-ANR1 lines (designated TL1-TL5) were established, each of which carried a single copy of the T-DNA insertion [as determined by an $3 : 1 pattern of segregation for the b-glucuronidase (GUS) marker gene]. To activate the UAS-ANR1 construct, each line was crossed with J0491 and homozygous double transgenic lines were established. Quantitative real-time PCR (qRT-PCR) analysis of UAS-ANR1 expression in roots of each of the J0491 ) ANR1 lines (Fig. 2) showed activation of the UAS-ANR1 construct in all cases, but most strongly in the TL1-and TL5-derived lines, weakly in the TL2-and TL4-derived lines, and at an intermediate level in the TL3-derived line.
Primary root (PR) and LR growth were measured in all five J0491 ) ANR1 lines (Fig. 3) . The data show that, compared with the J0491 driver line, LR growth in each of the J0491 ) ANR1 lines was increased, and that there was a strong correlation between the strength of the effect and the level of expression of the UAS-ANR1 transcript (cf. Fig. 2 ). In the most strongly expressing lines (J0491 Â TL1 and J0491 Â TL5) there was a >90% increase in the total LR length per seedling. A much smaller, but significant, stimulation of PR growth was also seen in the three most strongly expressing lines (Fig. 3) . The clear correlation between the strength of the phenotype of the J0491 ) ANR1 lines and the level of expression of the UAS-ANR1 transgene is strong evidence of a simple causal relationship between the two. Further evidence in this direction was obtained from a segregation analysis of the F 2 generation of the J0491 Â TL1 cross ( Supplementary Fig. S1 ). Amongst the group of GFP+ lines (GAL4-GFP carrying), only those that were also GUS+ (carrying the UAS-ANR1 transgene) showed enhanced PR and LR growth. A small increase in LR length in the GFP-group (which would include both GUS+ and GUSseedlings) could readily be accounted for by the presence in this group of a small number of false-negative GFP+ GUS+ seedlings. We observed that even in a homozygous J0491 population no GFP expression was detectable under the binocular fluorescence microscope in around 25% of seedlings (data not shown).
We took advantage of the availability in the Haseloff collection of other GAL4-GFP driver lines that direct UAS-GFP expression in diverse ways in roots to investigate the effect of different spatial patterns of ANR1 expression on the root phenotype. The four additional driver lines used and their GFP expression patterns are compared with that of J0491 in Supplementary Fig. S2A . All the double homozygous GAL4-GFP ) UAS-ANR1 lines that were generated from crosses with TL1 had overall levels of UAS-ANR1 expression in roots that were similar to J0491 Â TL1 ( Supplementary  Fig. S2B ). Analysis of the root phenotypes of the lines derived from the crosses between the four additional driver lines and TL1, TL2, TL3, TL4 and TL5 showed that they were very similar to those in the J0491 background ( Supplementary Fig. S3 (Moore et al. 2006) , and the cassette was inserted into the multiple cloning site in the lacZ gene of the pGREENII0229 binary vector (Hellens et al. 2000) which carries a Basta TM resistance (bar) marker. A CaMV35S-uidA reporter gene was also included to provide an easily assayed histochemical marker for transformed plants carrying the UAS-ANR1 insert. LB, left border; RB, right border. (B) The ANR1-GR construct for Dex-inducible ANR1 overexpression. This construct consisted of the 5 0 -untranslated region and the coding region of ANR1 fused in-frame at the C-terminus to the steroid-binding domain of the glucocorticoid receptor (GR) (see the Materials and Methods). The ANR1-GR fusion was placed under the control of the CaMV 2 Â 35S promoter in the binary vector pGREENII029 (Hellens et al. 2000) with a kanamycin resistance selectable marker gene (nptII). The locations of restriction sites and the PCR primers used to generate the translational fusion are indicated (see the Materials and Methods for further details). TL1 TL2  TL3 TL4 TL5 xJ0491 Relative expression levels Fig. 2 Expression of the UAS-ANR1 transgene in roots of homozygous J0491>>ANR1 lines obtained by crossing the J0491 driver line and the five UAS-ANR1 transformants (TL1-TL5). Transcript abundance was measured by qRT-PCR using a primer pair specific for the transgene (Materials and Methods) and results normalized to the UBQ10 ubiquitin gene transcript . The data represent the means (± SE) of three biological replicates.
confer. As discussed more fully below, this is likely to be because of the overlapping pattern of expression of all driver lines in the root tips ( Supplementary Fig. S2A ).
Effect of the nitrate supply on the phenotype of ANR1-overexpressing lines Since ANR1 is known to be involved in NO À 3 signaling leading to stimulation of LR growth (Zhang and Forde 1998) , we investigated how the NO À 3 supply influenced the effect of ANR1 overexpression on root architecture. Seed of J0491 and its cross with TL1 (J0491 Â TL1) were germinated in NO À 3 -free medium, and 7-day-old seedlings were transferred to medium containing 0, 0.1 or 20 mM NO À 3 . Glutamine (1 mM) was also included to provide an adequate supply of N in all treatments and so that the NO À 3 concentration (rather than the N supply) was the main difference between the treatments. We noted marked differences in the rate of growth of the root system between the different nitrate treatments (data not shown), consistent with the commonly observed stimulation of plant growth by increasing concentrations of nitrate (e.g. Drew et al. 1973 , Linkohr et al. 2002 . To minimize the differences in overall size between the seedlings treated with different NO The data in Fig. 4 show that the presence or absence of NO À 3 in the external medium has a major effect on the phenotype of the ANR1-overexpressing line. In the absence of NO À 3 , J0491 Â TL1 showed a small increase in PR length and a similar increase in LR number, but there was no significant effect on LR length (as a fraction of PR length). At 0.1 mM NO À 3 there was no significant effect on PR length but a 40% increase in LR number and a 70% increase in LR length (per unit PR length), while at 20 mM NO À 3 small increases in PR length and LR number were accompanied by a near doubling in LR length (per unit PR length). The same NO À 3 -dependent effect on root architecture was confirmed with the J0491 Â TL3 and J0491 Â TL5 lines (data not shown).
In a separate experiment, shoot growth was measured in the J0491 Â TL1 and J0491 Â TL5 lines growing on vertical agar plates containing different concentrations of NO À 3 ( Supplementary Fig. 4 ). In the presence of either 0.1 or 20 mM KNO 3 , shoot fresh weight was found to be 30-40% higher in the two J0491 ) ANR1 lines compared with the driver line, while in the absence of NO (Materials and Methods) and 7-day-old seedlings were transferred to fresh plates containing no KNO 3 , 0.1 mM KNO 3 or 20 mM KNO 3 (all plates also contained 1 mM glutamine as additional N source). Note that seedlings grown at the contrasting rates of NO . This was to accommodate the different rates of growth and development and minimize the differences between the lengths of the primary roots. PR lengths, LR numbers and LR length per unit PR length in the J0491 Â TL1 line are expressed as a percentage of the control line (J0491) at the same NO À 3 concentration (± SE; n = 10-11). Asterisks indicate significant differences from the J0491 parental line (one-way ANOVA; **P < 0.01; ***P < 0.001). ) and J0491, the parental driver line. Seed were germinated on vertical agar plates and seedlings grown as described in the Materials and Methods. Seven days after sowing, seedlings were transferred to fresh plates containing 0.1 mM KNO 3 and 1 mM glutamine as N source, and root parameters were determined from images taken 13 d after transfer. The J0491>>ANR1 lines have been ranked according to the level of expression of the UAS-ANR1 transgene as determined in Fig. 2 (± SE; n = 14-20). Asterisks indicate significant differences from the J0491 parental line (one-way ANOVA with Dunnett's post-hoc test; *P < 0.05; **P < 0.01; ***P < 0.001).
increase in shoot growth, indicating an NO À 3 -dependent effect similar to that seen with roots. However, when the seedlings were grown on horizontal rather than vertical agar plates, under conditions where root growth was severely restricted by the density of the solid medium, no significant differences in shoot fresh weight between the J0491 ) ANR1 lines and the driver line were found ( Supplementary Fig. 4 ) and there were no obvious differences in any other aspect of the phenotype. It therefore seems likely that the increased shoot growth seen on the vertical plates was a secondary consequence of the enhanced root growth that occurred in the J0491 ) ANR1 lines.
ANR1 overexpression accelerates early seedling development
To investigate whether overexpressing ANR1 affected early seedling development, we germinated each of the five J0491 ) ANR1 lines on three different NO À 3 concentrations and recorded for each seedling the day on which the PR first reached or exceeded 2 cm in length. We chose this early developmental stage rather than the PR !6 cm marker previously suggested (Boyes et al. 2001 ) to exclude any possible secondary effects of increased LR growth. The data in Fig. 5A show that in the three lines that most strongly express the transgene (J0491 Â TL3, J0491 Â TL5 and J0491 Â TL1) there was a significant reduction in the time taken for the PR to elongate to !2 cm (an $8% decrease at both concentrations of NO À 3 ). Furthermore, although the effect was stronger in the presence of nitrate, the dependence on external nitrate was much weaker than for the ANR1-dependent increase in LR length (Fig. 4) . In another experiment, the timing of the appearance of LRs was recorded for line J0491 Â TL1 and its parental control. Unlike the PR length marker, the timing of LR appearance in the control line was insensitive to NO À 3 (occurring at a mean of $9.5 d in all treatments), so that LR appearance preceded the PR length marker by 2.5 d in the absence of NO In the ANR1-overexpressing line the appearance of LRs was advanced to a similar degree (in percentage terms) as the PR growth marker, and again the effect was significant, but weaker, in the absence of NO À 3 (Fig. 5B) . Similar results were obtained with the other GAL4 enhancer trap lines tested (those shown in Supplementary  Fig. S2A ; data not shown).
Effect of Dex-inducible ANR1 overexpression on root growth and development
To obtain lines in which ANR1 overexpression was chemically inducible, the ANR1 protein was tagged at the C-terminus with the rat glucocorticoid-binding domain (GR) and the fusion protein was constitutively expressed in Arabidopsis using the 2 Â 35S promoter (Fig. 1B) . Four homozygous lines carrying the ANR1-GR construct were generated, three of which (3-8, 4-12 and 5-2) expressed the ANR1-GR mRNA to varying degrees (Fig. 6A) . A fourth line (3-10) showed no detectable expression either by northern blot (Fig. 6A) or by qRT-PCR (not shown).
The effect of Dex on the three ANR1-GR-expressing lines and 3-10 (as a transgenic control) was investigated by transferring 7-day-old seedlings of each line to vertical agar plates containing 1 mM Dex. To ensure a continuous supply of Dex, fresh aliquots of 1 mM Dex solution were applied directly to the roots at 2 d intervals for a further 10 d. Fig. 6B shows that in all three ANR1-GR lines the Dex treatment led to a significant C the plates were transferred to the growth room and held vertically. Plates were inspected daily, and for each seedling the day on which the PR reached or exceeded 2 cm in length was recorded. The mean for the parental J0491 line was recorded as 12.9 ± 0.07 d (± SE; n = 40) on 0 mM KNO 3 , 12.4 ± 0.11 d (± SE; n = 40) on 0.1 mM KNO 3 and 9.9 ± 0.07 d (± SE; n = 40) on 20 mM KNO 3 . The developmental advancement for each seedling was calculated by comparing the day on which its PR was !2 cm (d n ) with the mean for J0491 (m control ) under the same conditions and expressing the difference as a percentage i.e. 100 Â (m control À d n )/m control . The mean advancement for each transgenic line has been plotted (± SE; n = 40) and lines are ranked in order of increasing levels of transgene expression. Asterisks indicate where the transgenic lines differed significantly from the parental line (one-way ANOVA with Dunnett's post-hoc test; *P < 0.05; **P < 0.01; ***P < 0.001). (B) Seedlings of J0491 Â TL1 and the J0491 parental line were germinated as for A, and the day on which LRs were first visible was recorded as well as the day on which the PR was !2 cm. In this experiment, the mean timing of PR !2 cm for J0491 was 12.5 ± 0.09 d (± SE; n = 40) on 0 mM KNO 3 , 10.6 ± 0.09 d (± SE; n = 40) on 0.1 mM KNO 3 and 10.7 ± 0.08 d (± SE; n = 40) on 20 mM KNO 3 . The mean timing of LR appearance for J0491 was 9.7 ± 0.08 d (± SE; n = 40) on 0 mM KNO 3 , 9.5 ± 0.08 d (± SE; n = 40) on 0.1 mM KNO 3 and 9.5 ± 0.08 d (± SE; n = 40) on 20 mM KNO 3 . Percentage advancement was calculated as described for A, and statistical significance was determined using a t-test (***P < 0.001).
increase in LR length compared with the mock-treated controls, without significantly affecting either PR growth (Fig. 6C) or LR number (Fig. 6D) . As expected, the Dex treatment had no effect on LR growth in 3-10, the transgenic control (Fig. 6B) .
To investigate the effect of Dex-induced overexpression of ANR1 on LR growth in more detail, the Dex treatment was applied as a 24 h pulse. To address the question of whether transient activation of ANR1 affected both mature and developing LRs, the growth of LRs that had already emerged at the time of treatment was analyzed separately from the cohort of LRs that emerged during the 48 h period after treatment had ended (unemerged) (Fig. 7) . In the ANR1-GR line (4-12), neither cohort of LRs was affected by the treatment for the first 2 d after the end of the pulse, but in the following 5 d period the growth of both groups of LRs was strongly stimulated compared with the controls (Fig. 7B, D) . It was estimated that the average growth rate of the LRs that had already emerged at the time of treatment was stimulated $4-fold over this period, while that of the LRs that were still at the primordial stage at the time of treatment was stimulated >2-fold. As expected, the Dex treatment had no effect on LR growth in 3-10, the transgenic control (Fig. 7A, C) .
Effect of a localized Dex treatment on root proliferation in an ANR1-GR line
The availability of lines in which ANR1 expression is chemically inducible also allowed us to investigate the possibility that spatially localized overexpression of ANR1 is sufficient in itself to stimulate a localized growth response of the kind elicited by an NO À 3 -rich patch. For this experiment, ANR1-GR line 3-8 was cultivated on segmented agar 'Y' plates that allow the generation of a split-root system. In this experimental set-up, the root system is pruned to leave two first-order LRs of similar length which are placed so that they develop on separate halves of the plate (see Fig. 8A ). Fig. 8B shows a representative image of a seedling grown for 12 d on a 'Y' plate in which the nutrient supply was uniform but where Dex was present only on one side. Preferential growth of second-order LRs on the +Dex side of the plate can be clearly seen, a response that mimics the previously observed effect of a localized NO À 3 treatment on an Arabidopsis split-root system (Remans et al. 2006) . The data in Fig. 8C show how the localized Dex treatment applied to line 3.8 results in a redistribution of both the number and the length of second-order LRs in favor of the +Dex side of the plate, along with a smaller effect on the lengths of the pair of first-order LRs. No effect on the pattern of root growth was observed when the same treatment was applied to seedlings of the C24 parental line (Fig. 8C) .
To investigate the effect of the localized Dex treatment in more detail, and to examine the role of NO Total RNA from roots of 20-day-old seedlings was electrophoresed and the blots were hybridized with a rat GR probe to detect specifically the ANR1-GR transcript. C24 is the parental line. The filters were stripped and re-hybridized to a b-tubulin probe to provide a loading control. (B-D) Seedlings were germinated and grown on MS agar plates, and 7-day-old seedlings were transferred to fresh plates containing either no Dex (yellow bars) or 1 mM Dex (green bars). As described in the Materials and Methods, a 1 mM solution of Dex was re-applied to the +Dex roots every 2 d and the ÀDex roots were mock treated. After 10 d of treatment, the roots were imaged and root parameters determined (± SE; n = 14-18). Asterisks indicate significant differences from the ÀDex control (Student's t-test; **P < 0.01; ***P < 0.001).
strongly enhanced on the +Dex side of the plates compared with the -Dex side: both first-order LR length (Fig. 9A ) and mean second-order LR length (Fig. 9B) were stimulated. In addition, the frequency of initiation of LRs, as reflected by the density of LRs and LR primordia, was significantly enhanced on the +Dex side (Fig. 9C) . We noted that the density of emerged LRs was similarly enhanced and there was no change on the proportion of LRs that did not emerge (data not shown), indicating that ANR1 overexpression did not affect progression through the pre-emergence stages of LR development. In the absence of NO À 3 (the -N and glutamine treatments), the localized Dex treatment had no effect on the mean length of second-order LRs (Fig. 9B) and a diminished effect on the length of first-order LRs (Fig. 9A) and the density of all LR initiation events (Fig. 9C ) compared with that seen in the presence of NO À 3 . These results confirm the strongly NO À 3 -dependent nature of the effect of ANR1 overexpression that was seen in the GAL4 enhancer trap line (Fig. 4) .
Discussion
We have shown using an enhancer trap line and a Dex-inducible system that overexpression of ANR1 stimulates LR growth, supporting previous evidence from lines in which ANR1 was down-regulated that this MADS-box gene acts as a positive regulator of LR growth (Zhang and Forde 1998) . As discussed below, the analysis of the phenotypes of the transgenic lines has also greatly extended our understanding of ANR1's role in regulating root development and its mode of action.
ANR1 overexpression has pleiotropic effects on plant growth and development
In the J0491 ) ANR1 lines, where the GAL4 transactivation system directs ANR1 expression throughout the root (Jones et al. 2009 ), the strongest effect was on LR growth, but there were also increases in LR number, PR growth, shoot fresh weight and a small but significant acceleration of early seedling development. Similarly, in split-root experiments with the Dex-inducible ANR1-GR line, stimulation of second-order LR growth on the Dex-treated first-order LRs was accompanied by an increase in LR density. Counting both emerged and unemerged LRs established that this was due to an increased frequency of LR initiation rather than simply an increase in the number of visible LRs (Fig. 9C ), indicating that ANR1 is able to act as a positive regulator of (second-order) LR initiation, at least when ectopically expressed. Time course of LR growth in an ANR1-GR line following a pulse treatment with Dex. Eleven-day-old seedlings of ANR1-GR line 4-12 and a transgenic control (line 3-10) were transferred to fresh plates containing no Dex (yellow bars) or 1 mM Dex (green bars) and after 24 h were transferred again to plates without Dex. The seedlings were subsequently imaged at intervals and the lengths of the LRs that had already emerged at the time of Dex treatment (A, B) have been plotted separately from those of unemerged LRs that only became visible during the first 2 d after treatment (C, D) (± SE; n = 12-36 for unemerged, n = 69-129 for emerged). Asterisks indicate significant differences from the ÀDex control (Student's t-test; ***P < 0.001).
It is striking that despite the use of a strong constitutive promoter in the ANR1-GR lines, and a GAL4 enhancer trap line that directed ANR1 expression throughout the root, the strongest effect of ANR1 overexpression was always on growth of LRs rather than the PR. In the ANR1-GR lines there was no effect on the growth of the PR; in the J0491 ) ANR1 lines, PR growth was stimulated, but less so than LR growth, and this effect on the PR may be traced back to a stimulation of early seedling development as discussed below. An increase in shoot fresh weight in the J0491 ) ANR1 lines may similarly have been an indirect effect of the larger root system since it was not observed when seedlings were grown under conditions where root growth was restricted ( Supplementary Fig. S4 ). These results are in line with previous observations that NO Density of all second-order LR initiation events (including LR primordia) measured within the branching zone of the first-order LR (i.e. from the base of the first-order LR to the most rootward emerged second-order LR) (± SE; n = 18-19). LR primordia and recently emerged LRs that could not be seen with the naked eye were counted in roots stained with propidium iodide (10 mg ml À1 ) using a Leica MZFLIII stereomicroscope. Asterisks indicate significant differences between the +Dex and ÀDex sides of the plate (Student's t-test; *P < 0.05; **P < 0.01; ***P < 0.001). PR tip could be significant for regulating the frequency of LR initiation since it is reported that the events that determine LR positioning in Arabidopsis occur in the basal meristem, close behind the PR tip (De Smet et al. 2007 ). Consistent with this idea, a study with wheat roots found that for a localized NO À 3 treatment to enhance the frequency of LR initiation the treatment had to be applied within 10 mm of the PR apex (Hackett 1972) .
The observed stimulation of early seedling development in ANR1-overexpressing lines (Fig. 5) was unexpected because, unlike the other pleiotropic effects of ANR1 overexpression (increase in shoot fresh weight and PR length of older seedlings), it cannot readily be attributed to a secondary effect of increased LR length. The shorter time to attain a PR length !2 cm in the J0491 ) ANR1 lines was achieved despite this event occurring (in the presence of nitrate) an average of just $1 d after LRs first appeared at around 9.5 d after germination. A similar effect was observed when ANR1 was overexpressed using the other GAL4 enhancer trap lines that were tested (data not shown), indicating that it is not specific to J0491. The effect of ANR1 overexpression on early seedling development differed in two respects from its later effects. First, its effects on the early development of the PRs and LRs were similar (rather than preferentially on LRs) and, secondly, the NO À 3 requirement for the early effect was much less pronounced than in the case of later LR growth (cf. Fig. 4) . Note that the more rapid early development of the PR could contribute to the modest increase in the final PR length detected later (Figs. 3, 4) , but the earlier appearance of the LRs would be insufficient in itself to explain the much greater effect on LR lengths in the ANR1-overexpressing lines given that the difference in timing is <1 d and the total growth period is 17-22 d.
Promoter-GUS studies indicate that, within the LR, ANR1 is mainly expressed in LR primordia and young emerging LRs and in the LR apex. These observations, together with the finding that ANR1 expression in LRs is strongly down-regulated in NRT1.1 mutants that are unresponsive to localized nitrate treatments (Remans et al. 2006) , indicated that ANR1 overexpression was most likely to be effective in stimulating LR growth if it was directed to either the developing LR or the mature LR tip. Unexpectedly, we found that four other GAL4-GFP lines that were used to drive ANR1 expression according to different spatial patterns within the root ( Supplementary  Fig. S2A ) each produced effects on root architecture that were quantitatively and qualitatively similar to those obtained with the J0491 driver line (Supplementary Fig. S2 ). However, all five enhancer trap lines had been selected on the basis that they target all or part of their GFP expression to the root tips (primary and lateral). Although the root cap appears to be the only cell type where the expression patterns of all five overlap ( Supplementary Fig. S2A ), there is evidence for plasmodesmatal connections between cells in the columella root cap and the meristem, particularly in young seedlings (Zhu et al. 1998) , and the intercellular movement of a number of MADS-box and other transcription factors has been reported in plant meristems (Perbal et al. 1996 , Nakajima et al. 2001 , Urbanus et al. 2009 ). Thus the similarity in the phenotypes generated by the five driver lines can be attributed either to their shared ability to target ANR1 expression to the root cap, or to the intercellular mobility of the relatively small ANR1 protein (26.8 kDa) within the root tip. Although we cannot formally rule out the possibility that ANR1 overexpression in the PR tip contributes to the increased LR growth in the enhancer trap lines, it seems most likely that it is its overexpression in the LR tips that is of most importance. It is known that ANR1 is required for the localized response to nitrate (Zhang and Forde 1998) which acts at the level of the individual LR (Drew et al. 1973, Zhang and Forde 1998 ).
It appears that ANR1 overexpression in the developing LR primordium has no additive effect on LR growth when overexpression is also occurring in the root tip. This conclusion is based on the observation that only one of the GAL4-GFP lines (J1103) directs strong expression to the developing LR primordium and this driver line (which also expresses strongly in the root cap) does not enhance LR growth to a greater degree than lines J0491 and J3411 where any expression in this region was much weaker (Supplementary Fig. S2A ).
Transient overexpression of ANR1 is sufficient to initiate long-term effects on LR growth
When ANR1-GR seedlings were pulse-treated with Dex for 24 h, LR growth was strongly stimulated for an extended period after the treatment had ended. Accelerated growth occurred after an initial delay of at least 2 d from the end of the treatment, even in LRs that had already emerged at the time they were exposed to Dex. The ability to stimulate the growth of existing LRs is consistent with previous reports that a localized NO À 3 treatment is able to stimulate LR elongation in the NO À 3 -rich zone even when the treatment was delayed until after the LRs had emerged (Hackett 1972, Zhang and Forde 2000) . The finding that short-term activation of ANR1 is sufficient to elicit a long-term effect on LR growth rates may be relevant to previous observations that enhanced root proliferation in an N-rich patch of soil persists even after the nutrients have been exhausted (Hodge 2006) . The reason for the delayed effect on growth rate after Dex treatment is not clear and contrasts with the 2-fold increase in the rate of growth of existing roots that was seen within 24 h after Arabidopsis seedlings were transferred to a localized NO À 3 treatment (Zhang and Forde 2000) .
Insights into the role of nitrate in the ANR1 signaling pathway
The effect of ANR1 overexpression in both the enhancer trap lines and the ANR1-GR lines was considerably weakened in the absence of NO À 3 even when an alternative N source (glutamine) was present (Figs. 4, 8) , indicating that NO À 3 itself has a strong positive effect on the response to ANR1 overexpression. As a result, root growth in lines in which ANR1 was overexpressed was much more responsive than control lines to the positive effect of NO À 3 . Analogously, overexpression of the HRS1 G2-like transcription factor in Arabidopsis was reported to enhance its sensitivity to the effects of Pi deprivation on root architecture (Liu et al. 2009 ).
The requirement for the presence of NO À 3 to obtain the full effect of ANR1 overexpression suggests that there are other essential components of the ANR1-dependent signaling pathway that are positively regulated by NO À 3 , or perhaps that ANR1 itself is post-translationally activated in an NO À 3 -dependent manner. The finding that increasing the NO À 3 concentration from 0.1 to 20 mM had little additional effect on the phenotype of the J0491 ) ANR1 lines (Fig. 4) is consistent with previous evidence that 0.1 mM NO À 3 , when applied to Arabidopsis roots in a localized fashion, is sufficient to elicit the maximum stimulatory effect on LR growth (Zhang et al. 1999) . There is considerable potential for ANR1 to be regulated at the post-translational level by NO À 3 -dependent signals, either through direct modification or through interactions with other proteins. For example, there is evidence of a role for phosphorylation in the regulation of other members of the MADS-box family (Molkentin et al. 1996 , Cox et al. 2003 , Fujita et al. 2003 . Furthermore, MADS-box proteins are known to function as homodimeric or heterodimeric complexes, as well interacting with proteins of other kinds (Immink et al. 2010) . ANR1 expression at the mRNA level was initially reported to be rapidly up-regulated by NO À 3 (Zhang and Forde 1998 ) based on studies with root cultures. Later studies with whole plants found no evidence of NO À 3 inducibility, only that the ANR1 expression was down-regulated under conditions of high N availability (Wang et al. 2000 . The finding here that NO À 3 is required to promote LR growth even when transgenic lines are overexpressing ANR1 suggests that NO À 3 inducibility of the ANR1 gene at the transcriptional level need not be a prerequisite for the localized LR response to NO À 3 , so long as basal levels of ANR1 transcription are sufficiently high.
Recently an miR393/AFB3 regulatory module was identified that appears to integrate auxin and NO À 3 signaling in the negative regulation of PR growth and the positive regulation of LR initiation (Vidal et al. 2010) . AFB3 is an NO À 3 -inducible member of the F-box family of auxin receptors and miR393 is a microRNA responsible for feedback regulation of AFB3 in response to enhanced internal N status. There is previous evidence for interactions between the ANR1-dependent pathway and auxin signaling (Zhang et al. 1999 ), but it is unclear if there is any direct relationship between ANR1 and the miR393/AFB3 module.
Localized activation of ANR1 by Dex is sufficient to replicate the localized developmental response to nitrate Previous studies with Arabidopsis using a split-root system showed that when NO À 3 was applied to one side of a split-root system, second-order LR length on the +NO À 3 side of the plate was 2-to 4-fold that on the ÀNO À 3 side (Remans et al. 2006) . We found that it is possible to replicate this response using localized Dex treatments to activate a GR-tagged ANR1 protein.
It appears that the mobility of Dex within the plant is sufficiently limited that its effects are restricted to that part of the root in direct contact with it. When the localized Dex treatment was applied in the presence of a uniform supply of NO À 3 , it led to a 2-fold increase in total second-order LR length on the +Dex side compared with the ÀDex side. This response was due to a combination of three effects: a large increase in the mean length of second-order LRs and smaller increases in the lengths of the first-order LRs and in the frequency of LR initiation.
Remarkably, this result demonstrates that the localized activation of ANR1 by synthetic means is sufficient to trigger a pattern of root behavior that has the essential characteristics of a foraging response (de Kroon and Mommer 2006), i.e. the roots grew preferentially on the Dex-containing side of the plate, despite the plant deriving no nutritional benefit from this response. In evolutionary terms it suggests that for a plant to evolve the ability to forage for a particular soil nutrient it would only be necessary for an ANR1-like gene to acquire the regulatory sequences that place it under positive regulation by that nutrient.
Materials and Methods
Plant materials
Seed of Arabidopsis thaliana L. (Heynh) ecotype C24 used for the UAS-ANR1 transformations was a generous gift of Dr. Jim Haseloff (University of Cambridge, UK). The GAL4-GFP enhancer trap lines in the C24 background (Haseloff collection) were from the European Arabidopsis Stock Centre (with stock numbers): J0491 (N9139), J1103 (N9148), J3411 (N9131), Q0680 (N9209) and Q2610 (N9236). The C24 seed used for ANR1-GR transformations was from Lehle Seeds.
Generation of J0491 ) ANR1 lines
The GAL4 UAS sequence containing five repeats of the GAL4-binding site and a minimal CaMV 35S promoter (Kiegle et al. 2000) was PCR amplified from pETL15 (pBIN mGAL4-VP16 UAS Gal4 :mGFP5ER-enhancer trap vector) (Haseloff et al. 1997 ) and inserted into the SacI site of the pGREENII0229 (Basta R ) binary vector (Hellens et al. 2000) to create pG0229-UAS. The ANR1 cDNA (Zhang and Forde 1998) was inserted into the HindIII-XhoI site of pG0229-UAS (to create pG0229-UAS-ANR1), and a CaMV35S-uidA reporter gene encoding GUS from pJITL166 (Hellens et al. 2000) was added for use as a histochemical transformation marker. Finally the nos terminator (noster) was PCR amplified from a nos promoter-terminator cassette (Hellens et al. 2000) using the primers NostermRK (5 0 -GCCGGGTACCAGCTTGCATGCC GGTCG-3 0 ) and NostermFX (5 0 -GCCGCTCGAGCTAGAGTCA AGCAGATCG-3 0 ) and inserted downstream of ANR1 into the KpnI-XhoI site of pG0229-UAS-ANR1 (see Fig. 1A ). At each stage, constructs were verified by DNA sequencing. Agrobacterium-mediated transformations were by floral dipping (Clough and Bent 1998) and transformants were selected on agar plates containing 40 mg ml À1 Basta TM . Of 40 Basta-resistant T 1 seedlings, 15 were histochemically GUS positive and from these five independent UAS-ANR1 lines segregating $3 : 1 for GUS activity in the T 3 generation were identified (designated TL1-TL5) and the presence of a single T-DNA insertion was confirmed by Southern blot analysis using a noster probe. Each UAS-ANR1 line was subsequently crossed with the J0491 driver line, and double homozygous GAL4-GFP:UAS-ANR1 lines were established using the GFP and GUS markers to identify seedlings carrying both T-DNA insertions.
Generation of ANR1-GR transgenic lines
The ANR1 and GR sequences were PCR amplified using Platinum Õ Taq polymerase High Fidelity (Invitrogen Life Technologies) and primers that incorporated appropriate restriction sites to facilitate cloning: ANR1F1, 5 0 -CGATTAGGATC CATGGGGAGAGGGAAG-3 (BamHI); ANR1R1, 5 0 CCGCCGAA TTCGTACGAAAGTTGTAGC-3 0 (EcoRI and SunI); GRF2, 5 0 -CA GACGTACGATCCAATTCAGCAAGCC-3 0 (SunI); and GRR2, 5 0 -CTGGGTCGACTTCTTAGTAAGGCAGTC-3 0 (SalI). The PCR fragments were digested with the appropriate restriction enzymes and cloned sequentially into pBluescript II SK (Stratagene) to create the translational fusion. The CaMV35S terminator sequence (CaMVter) from pJIT60 (Hellens et al. 2000) was inserted downstream using the SalI and XhoI sites. The 2 Â 35S promoter from pJIT60 was PCR amplified as above using PrimerF3: 5 0 -GAAAAATAAACAATAGGGGTTCC-3 0 and PrimerR3: 5 0 -CAGATCTAGAAGCTGGGCTGTC-3 0 , and inserted upstream of ANR1-GR using the SacI and XbaI restriction sites. The final construct (Fig. 1B) was digested with KpnI and SalI and cloned into pGreenII029 (Hellens et al. 2000) . Constructs were verified by DNA sequencing, Arabidopsis accession C24 was transformed by floral dipping as described above and transformants were selected on agar plates containing 100 mg ml À1 kanamycin.
Culture conditions for the GAL4-GFP experiments
Seedlings were cultivated on vertical agar plates essentially as previously described (Zhang and Forde 1998) . Surface-sterilized seed was sown in 9 cm Petri dishes on medium containing 0.05% MES, 0.6% (w/v) sucrose, 1% agaragar (Fish Biotechnology) and 0.02Â B5 salts (Gamborg et al. 1968) in which KNO 3 and (NH 4 ) 2 SO 4 were replaced with 1 mM KCI and 1 mM glutamine. Growth temperature was 22 C, light intensity $110 mmol m À2 s À1 , with 16/8 h light/dark. Seven days after sowing, seedlings of similar size were transferred to fresh plates (three per plate) containing (in addition to 1 mM glutamine): 0.1 mM KCl (no KNO 3 ), 0.1 mM KNO 3 or 20 mM KNO 3 . Roots were digitally imaged 10-16 d after transfer and root lengths determined using ScionImage (Scion Corporation).
Culture conditions for the dexamethasone experiments
For the uniform Dex treatments, Arabidopsis seedlings were germinated and grown on vertical agar plates as above, except that the medium was Murashige and Skoog (MS; Sigma) with 0.5% (w/v) sucrose. At the start of the Dex treatment, seedlings were transferred to fresh plates containing 1 mM Dex (Sigma). Stock solutions of Dex (10 mM in ethanol, filter-sterilized) were added to the autoclaved medium to a final concentration of 1 mM. For continuous Dex treatment, seedlings were transferred to plates containing 1 mM Dex and then treated every 2 d by covering the roots with 1 mM Dex (diluted in growth medium) while the plates were horizontal. After allowing the solution to soak into the agar, the plates were returned to the vertical. Control seedlings were mock treated using growth medium containing 0.01% (v/v) ethanol. For the pulse treatments, the seedlings were placed on the Dex plates (or control plates without Dex) for 24 h and then removed onto fresh plates without Dex.
For split-root experiments, seedlings were germinated on 0.02Â B5 medium as described above, except that the sucrose concentration was 0.5% (w/v), and 1% (w/v) Phytagel TM (Sigma) was used to solidify the medium and the growth temperature was 25 C. To enable the Phytagel TM to set after autoclaving, it was necessary to include an additional 1 mM MgCl 2 and 1 mM CaCl 2 . Except where otherwise stated, the germination medium contained 0.5 mM glutamine and 1 mM NO À 3 as N source. The segmented 'Y' plates were prepared in 12 cm square Petri dishes containing 0.02x B5 medium, 0.8% Phytagel, the required N source and, where required, 1 mM Dex, and the gel was divided into three segments by using a scalpel to excise a Y-shaped block of agar from the middle of the plate (see Fig.  9A ). To obtain plates with 1 mM Dex on only one side, the half segments of gel were exchanged between +Dex and ÀDex plates. Seedlings with only two LRs were obtained as previously described (Remans et al. 2006) by pruning the PR of 9-day-old seedlings just below the second visible LR and allowing a further 7 d of culture before transfer. The transferred seedlings were placed on the triangle of gel at the top of the plate (containing no Dex), with one LR extending onto the +Dex segment and the other onto the ÀDex segment (see Fig. 9A ). After a further 12 d of growth, images of the roots were captured at 400 d.p.i. using a Canonscan 4200 flat-bed scanner and root parameters analyzed using Optimas image analysis software (MediaCybernetics).
Quantitative real-time PCR analysis
qRT-PCR was used to measure the relative abundance of the UAS-ANR1 transcript. Total RNA was extracted from the roots of 8-10 four-week-old hydroponically grown plants using the Trizol method (Invitrogen Life Technologies). The qRT-PCR was performed in 96-well plates on 250 ng of RNA in 25 ml reactions using Taq-man TM one-step RT-PCR Master Mix Reagents (Applied Biosystems) and Applied Biosystems GeneAmp 5700 sequence-detection systems. By using the ANR1F1 and NostermRK primers (see above), UAS-ANR1 expression could be assayed without interference from the endogenous ANR1 transcript.
Northern blots and hybridizations
Total RNA (4 mg) was electrophoresed on 1.2% (w/v) agarose, 3% (v/v) formaldehyde gels in 1Â MOPS (3-[N-morpholino]-propanesulfonic acid) buffer (0.2 M MOPS, 0.05 M sodium acetate, 0.01 M EDTA). RNA was blotted onto Nylon N + membrane (Amersham) using 20Â SSC (1Â SSC = 150 mM NaCl, 15 mM Na 3 citrate, pH 7). A digoxigenin-labeled DNA probe specific for the ANR1-GR transcript was generated with the PCR DIG Probe Synthesis Kit (Roche Applied Sciences) using the GRF2 and GRR2 primers (see above). A b-tubulin cDNA probe (Marks et al. 1987 ) was generated using the primers for the flanking TL3 and T7 sequences. Hybridizations at 50 C overnight were in DIG EasyHyb and the washes and the detection were done using the DIG Detection Kit and CDP-star (Roche Applied Sciences) following the manufacturer's instructions. Each blot was performed three times in replicate experiments.
Supplementary data
Supplementary data are available at PCP online. 
Funding
